Utilizing water as an additive to liquid fuels is a technique that has the ability to lower combustion-generated pollutant emissions and increase combustion efficiency. The present work investigates the atomization characteristics of various water-in-diesel fuel emulsions stabilized with surfactants through a low-flow-capacity pressure-swirl injector. These results were compared to past results where these emulsions were introduced through a high-flow-capacity nozzle. The emulsions, generated by a mixing device, were characterized by their fluid properties and dispersed water droplet size distributions. An experimental test matrix was produced that features different injection pressures, emulsion qualities, and water-to-diesel fuel mass fractions and enables statistical analysis of these three parameters. The results show that viscosity increases with increasing water concentration, while the surface tension remains similar to that of diesel fuel. This implies that an overall increase in the spray
INTRODUCTION AND BACKGROUND
The use of water in combustion systems has been around since as early as 1791, where it was applied as a combustion control technique to protect the turbine test section (Davy, 1914; Stodala, 1927) . One option to utilize the benefits of water is to inject it into the air stream as either steam or in liquid form prior to entering the combustion zone. Water can also be introduced directly into the combustion chamber as a separate entity from the fuel. Similar results in NO reduction compared to water injection into the air stream have been measured if the timing of the water injection compared to that of fuel is optimized in an engine (Greeves et al., 1977) . The third method, and the scope of the current study, is to combine the water and fuel into one flow circuit and inject it as an emulsion. Emulsions can be described as a mixture of two immiscible liquids where droplets of one liquid are dispersed into a continuous medium of the other liquid (Becher, 1975) . The outcome of emulsification depends mainly on four factors: (1) the hydrodynamic conditions of the mixing device, (2) the viscosity ratio, (3) the volume or mass fraction of the oil and water phases, and (4) the type and concentration of emulsifier or surfactant used (Tcholakova et al., 2004) .
One of the main advantages of using water in combustion is that it reduces combustion temperatures, and as a result, NO x emissions, by its large enthalpy of va- porization and its larger capacity to absorb heat compared to dry air (Wagner et al., 2008) . This helps reduce thermal stress on the components and prolongs the integrity of the materials in the combustion system (Tsenev, 1983) . For water and fuel emulsions, the addition of water produces a reduction in viscosity, enabling the benefits of easier handling and pumping (Marcano and Williams, 1991) . Upon introduction of an emulsion into the combustion zone, water droplets within the fuel can promote the phenomena of microexplosions, where the water flash vaporizes within the fuel droplet after atomization, inducing secondary droplet breakup. This can potentially improve mixing and can increase both the combustion and thermal efficiencies while lowering sooting propensity (Kadota and Yamasaki, 2002) . Finally, as mentioned in related work by the authors (Bolszo et al., 2010) , a water-in-oil emulsion system would have minimal engine modifications when compared to water injection into the air stream or direct injection into the combustion zone where additional hardware would be needed and would increase manufacturing costs. Several challenges exist with water and fuel emulsions that hinder its widespread implementation and use. The amount of energy needed to form a certain type of emulsion is fairly large, due to the fact that most of the energy is lost as heat (thermal dissipation) or converted into momentum for phase contacting (hydrodynamic mixing) (Walstra, 1993) . The challenge lies in designing mixing equipment that properly utilizes the energy dissipation where it would be most beneficial (Fradette et al., 2007) . The mixing of the two liquids (phases) and the resulting stability of an emulsion can also cause problems with repeatable formation and consistency (Sjögren, 1977) . A few of these obstacles are addressed in the present work.
NOMENCLATURE
Macroemulsions have been traditionally made with mechanical devices that force a mixture of two components (phases) through small passages to create highshear interactions. Magnetic stirrers and continuous passage through gear pumps were also utilized to produce coarse emulsions (Tsenev, 1983) . The current research uses a variable geometry and speed rotor/stator mixing device to form a repeatable and controlled water and fuel mixture. Various two-and three-phase emulsions can result, depending on the mass fractions of each fluid and, if used, the amount and type of surfactant involved. A surfactant is a substance that when present has the property of adsorbing onto the surfaces or interfaces of a system (component liquids), altering to a degree the surface or interfacial free energies of those surfaces or interfaces (Rosen, 1989) . They are classified based on their hydrophilic-lipophilic balance (HLB). HLB values can range from 1 to 18; between 3 and 6 a water-in-oil emulsion is formed, and between 6 and 12 an oil-in-water emulsion is formed. The interfacial free energy is the minimum amount of work required to create that interface. Therefore surfactants significantly change the amount of work required to expand the water and oil interfaces. This allows smaller droplets to be formed and reduces the ability for these droplets to coalesce into larger ones (Sajjadi, 2007; Fradette et al., 2007) . Surfactants can also stabilize an emulsion, which can be convenient for studying the atomization behavior in a systematic manner. Different atomization strategies are presently utilized for use in combustion technologies. Previous literature for water and oil emulsions used both twin-fluid and pressure atomizers. Air-blast and air-assist atomizers expose the liquid fuel as a jet or sheet to a stream of high-velocity air, using momentum to break the liquid into droplets, while pressure atomizers rely on the conversion of pressure into kinetic energy to achieve a high relative velocity between the liquid and the surrounding air. Pressure atomizers are more common in gas turbine applications and are the type of atomizer utilized in our current investigation. The effective flow area of a pressure atomizer is usually described by its flow number (FN), which is expressed as the ratio of the mass flow through the nozzle to the square root of the fuel injection pressure differential and liquid density:
Atomization characteristics such as representative droplet diameters, like Sauter mean diameter (SMD or D 32 ) and mass median diameter (MMD or D 50 ), are one of the many ways to characterize a spray. Lefebvre (1989) formulated an SMD correlation for pressure simplex nozzles defined as
where σ L is the fluid surface tension, µ L is the fluid viscosity, ρ A is the air density, ∆P L is the injector pressure drop, andṁ L is the fuel mass flow rate. Wang and Lefebvre (1987) further optimized the correlation by including the film thickness and spray cone angle,
Here t is the film thickness, and θ is the spray cone halfangle. The film thickness can be calculated using the following equation, which includes the discharge orifice diameter, d o :
Both these correlations can be compared with experimental data to quantify the change in droplet size between emulsions and its component liquids. The majority of previous research focuses on the formation of emulsions and their performance in different combustion technologies without delving much into the atomization and synergy and the relationship among the three. For solely observing engine performance, this is acceptable; however, understanding the atomization of the emulsion fuel can help explain and closely predict different trends for general application in various combustion technologies. Recent work has examined the role of emulsion characteristics on atomization behavior for a largecapacity injector (Bolszo et al., 2010) . The present work expands this prior work to include the role of injector capacity in the atomization behavior of pressure atomizers injecting water and diesel fuel emulsions.
OBJECTIVE AND APPROACH
The objectives of the current study are as follows:
1. Collect spray testing data through a low-flowcapacity pressure-swirl nozzle at different pressures, emulsion qualities, and oil-to-water ratios using laser diffraction technique, a fabricated patternator, and high-speed video.
2. Use analysis of variance (ANOVA) to correlate the observed spray behavior with the parameters varied.
3. Compare results for a low-flow-capacity nozzle with those previously obtained for a high-flow-capacity nozzle and assess how the nozzle scale affects the role of the emulsion on atomization characteristics.
EXPERIMENT

Test Fluids
The four test liquids utilized in the study are water, lowsulfur diesel distillate fuel #2 (DF2), a water-soluble surfactant polyoxyethylene sorbitan trioleate (Tween 85), and an oil soluble surfactant sorbitan monooleate (Span 80). These are the same liquids used in the previous study done at the University of California, Irvine, Combustion Lab (UCICL) (Bolszo et al., 2010) . The measured fluid properties of the four liquids are shown in Table 1 as a reference.
The same overall HLB value of about 6 is used, which provides the most stable water-in-oil emulsion (Song et al., 2000) . A Span 80/Tween 85 mass ratio of 75/25 yields an HLB value of 5.975, which produces the desired emulsion type. The same experimental procedure and matching generator settings were used during the previous highflow-nozzle study when making a water-in-oil emulsion (Bolszo et al., 2010) . 
Test Facility
The experiments were conducted in the atomization test facility at UCICL. A piping and instrumentation diagram of the generation and flow of the emulsion is documented in Fig. 1 . This setup is nearly identical to Bolszo et al. (2010) , except 19 L (5 gal.) pressure tanks were used instead of 57 L (15 gal.) accumulators. The emulsions are made by first mixing the surfactant with its designated component liquid using an air-powered lab mixer for approximately 10 minutes. The two mixtures are then poured into two 208 L (55 gal.) high-density polyethylene tanks ( Fig. 2a) and driven by peristaltic pumps (Fig. 2b) to the emulsion generator. The separate mixtures then meet at the inlet of the emulsion generator (IKA Labor-Pilot 2000/4 with the additional DR Module) (Fig. 2c) . Here the liquids are sheared through various rotor-stator configurations to obtain a generated emulsion. metered with a Micro Motions Coriolis flow meter and then atomized through the injector (Fig. 2e) . To minimize the time for the generated emulsion to reach the injector, the flow path from the portable 19 L (5 gal.) tank through the flow meter to the atomizer is reduced as much as possible. This path length is approximately 3.28 m (10.75 ft), which corresponds to a maximum residence time of 35 seconds based on the lowest flow rate tested.
Fuel Injector
The fuel injector used for the low-flow spray testing was a Delavan precision oil burner nozzle (Fig. 3) . This pressure simplex nozzle (Delavan part no. T0150-80-A6) produces a hollow cone spray with a desired spray cone angle of 80 degrees, similar to the high-flow Parker-Hannifin macrolaminate injector used in previous work (Bolszo et al., 2010) . The injector is made from stainless steel and has an exit orifice diameter of 0.3302 mm (0.013 inches), compared to 1.93 mm (0.588 inches) measured for the high-flow injector. Note that the current injector is designed with a much smaller swirling chamber compared with the high-flow-capacity nozzle.
The retainer or filter that was provided with the injector was removed prior to testing in order to preserve the quality of the emulsion as generated by the IKA emulsifier and to prevent further mixing.
Experimental Diagnostics
A variety of diagnostic techniques were used to quantify the observed results. The density, viscosity, surface tension, and interfacial tension were all measured in the laboratory using a variety of diagnostic tools (e.g., stalagmometer and viscometer). Five measurements of each sample and diagnostic were completed to ensure repeatable results. The emulsion drop size distributions were determined from processing images obtained microscopically using a trifocal microscope and digital camera (Bolszo et al., 2010 ).
An Insitec real-time sizer (RTS) laser diffraction system with a 450 mm focal length was used to capture the spray size measurements (Fig. 2e) . The laser diffrac- tion system is able to obtain time-resolved measurements of the spray such as representative diameters like the spray SMD and MMD or D 50 . For the current study the laser measurement area was positioned 2.54 cm downstream of the nozzle exit where maximum transmission was achieved, compared to 3 cm during the high-flow study.
A Vision Research Phantom v7.1 digital high-speed video camera (Fig. 2e ) was used to record the dynamics of the spray. A maximum sample rate of 15,037 fps with a 2 µs exposure was applied to obtain the fastest resolution with effective lighting. These were the same settings used by Bolszo et al. (2010) .
In addition, a patternator (Fig. 4 ) similar to that used in Bolszo et al. (2010) was used to capture the distribution of the spray. The patternator was positioned 6.35 cm below the injector exit and extends 9.45 cm from the center axis. This assured that the patternator was wide and low enough to capture the majority of the trajectory for a one-half center slice of the spray. This was geometrically similar to the 17 cm axial downstream distance used for the high-flow-capacity nozzle. Patternator results provide the spray pattern, specifically for two-fluid emulsions, but they can also provide the composition of each fluid rela-
FIG. 4:
Half-spray patternator.
tive to each other. This is important when determining the distributions of the water and diesel fuel separately.
The experimental conditions were chosen based on initial shakedown testing, nozzle specifications, and previous research at the UCICL (Bolszo et al., 2010) . The three parameters varied during the spray study were the waterto-oil ratio, injector pressure drop, and emulsion quality (Table 2 ). Table 2 also shows the parameters used during the high-flow-nozzle study (Bolszo et al., 2010) . The difference in pressure drop between the two cases is to achieve the prescribed flow rates. The emulsion generator configurations (low, mid, and high shear) were maintained from the high-flow-capacity injector study. However, in terms of water-to-diesel fuel mass fraction, the current study examines a minimum value of 0.13 instead of 0.375.
A three-level factorial design matrix was generated, which incorporated 36 test cases, including repeat points. The matrix spanned the range of test conditions at atmospheric pressure, and the data recorded were analyzed statistically using ANOVA. This method was able to assess the sensitivity of the response or output as a function of the three test parameters. The resulting correlations for both nozzles were then analyzed and compared.
RESULTS
The results begin with a summary of the emulsion qualities tested based on Bolszo et al. (2010) . This also includes the fluid properties measured for each of the nine generated emulsions, including the 0.13 water-to-diesel mass fraction used in only the current study with the low-flow nozzle. Spray characteristic measurements are presented with their statistical analyses. Finally, the results are compared to those measured using the high-flowcapacity nozzle.
Emulsion Characteristics
The quantification of emulsion quality is described in detail elsewhere (Bolszo et al., 2010) but is briefly mentioned here for context. The three levels were chosen Microscopic images of the three levels chosen for the design matrix are depicted in Fig. 5 . A difference in the water droplet size is apparent among the three photos. The droplet distributions are also shown alongside the microscopic images. Over 700 droplets were counted to determine the SMD W of each of the emulsions generated. As expected, the range of droplet sizes produced narrows as the shear is increased due to the higher rotor/stator rotational frequencies of the emulsion generator. The distribution shows a limit in droplet diameter near 0.7 µm, which agrees with the typical limit in size for macroemulsions (Becher, 1975) . A summary of the droplet statistics for the 12 generated emulsions is provided in Table 3 . In addition, the measured fluid properties are shown in Table 4 . Note the 0.13 water-to-diesel mass fraction mea- Antonov (1983) , where viscosity increases as water content reaches 40 mass %. As for surface tension, the values measured for the generated emulsions remain similar to pure diesel fuel and do not change for increasing water content and the amount of shear or water droplet distribution for the range of water and diesel fuel ratios in the study.
Flow Capacity Results
The flow capacity of the pressure injector includes volumetric flow and mass flow as well as the density of the flowing emulsion. These three variables are measured by a Micro Motions flow meter. The density is used to track the emulsion's variation and component separation and to confirm the emulsion's water-to-diesel fuel mass ratio. The mass dependence on injector pressure is graphed in Fig. 6a , where it seems like there is a linear relationship between mass flow and injector pressure. However, from incompressible flow theory, the mass flow rate through an injector is proportional to the area of the exit orifice, the orifice discharge coefficient, and the velocity, which can be obtained from the application of Bernoulli's principle. This is also depicted in Fig. 6a by the water test results, which show this dependence. The ANOVA results [Eq. (5) as expected, the injector pressure drop provides the most influence (at least 90%). The analysis also affirms the square root dependence for the variety of stabilized emulsions (Fig. 6b) . Both the water-to-diesel mass fraction and SMD W were included due to their effect on the emulsion's flow. As more water is mixed with the diesel fuel, the density of the overall mixture increases, increasing the ratio of the mass and volume. In addition, when smaller dispersed water droplets were produced, more surfactant was used, from 2 to 5 mass %, based on the droplet distribution study. The smaller SMD W , coupled with the negative coefficient in front of it, leads to an overall larger mass flow than if a larger SMD W was produced with less surfactant. However, the dispersed water droplet size has a much smaller effect than the water-to-diesel mass fraction.
m (g/min) = 17.42629 + 77.97733∆P
The adjusted R 2 and predicted R 2 values are 0.9608 and 0.9547, respectively, which provide an adequate representation of the data (Fig. 6b) . Further analysis of the ANOVA results gave insight that in the component liquids, at the same pressure drop, water should have a higher mass flow rate because of its higher density compared to diesel fuel. The emulsions have density values in between water and diesel fuel, which should correspond to the mass flows between the two. However, the measured mass flow rate for water is lower than all the other fluids tested for the same pressure drop. This can be attributed to the orifice discharge coefficient, which varies from liquid to liquid. This explains why all three parameters are included in correlating the mass flow in Eq. (5). The water-to-diesel mass fraction, having more of an influence, affects the density of the emulsion, while the SMD W , due to the relative contributions in surface forces and interaction during flow, alters the ability for the emulsion to flow as a continuous stream of liquid.
It should also be noted that the formulated correlation is valid only within the range of the parameters of the test matrix, accounting for a nonzero mass flow at a zero injector pressure drop. Figure 7 shows the mass flow rate results versus the Reynolds number (Re N = ρUd o /µ). A divergence in mass flow rate is observed, isolating the effect of the water mass fraction on the mass flow rate. This was also seen in the high-flow-capacity nozzle case (Bolszo et al., 2010) . The emulsion presents lower Re N than its pure components. Note that the range of Reynolds numbers for the current study all lie below Re N = 10,000, which is considered to be the value where fully developed turbulent flow is established in pipes and nozzles (Dimotakis, 1991) .
Comparing these low-flow results to the previous study using the high-flow nozzle, a few similarities are seen. Both nozzles' ANOVA analysis yielded a dominant injector pressure drop; however, the high-flow nozzle results did not establish a statistically significant influence of the dispersed water droplet size. This is attributed to the dif- ferences in the flow/swirl passages between the current injector with the high-flow-capacity injector. Specifically, the passages within the Parker nozzle are significantly larger (swirl chamber diameter of 9.00 mm with three inlet ports) than those in the Delavan nozzle (swirl chamber diameter of 2.29 mm with four inlet ports), and a large difference of the flow rates between the two is noted. This order-of-magnitude difference in the exit orifice diameter, as well as the difference in swirl chamber geometry, can also account for this exclusion. Figure 8 plots both sets of mass flow rates for both injectors. The graph shows similar trends with an increasing injector pressure drop, as is expected with square root dependency. The key significant difference between the two nozzles is that the water mass flow rates for the high-flow nozzle are all greater than the emulsion and diesel fuel mass flow rates for a given pressure drop. This also coincides with the fact that the orifice discharge coefficient (C d ) as well as the orifice size varies from liquid to liquid, which was to be expected and can be attributed to the amount of variation between cases. Figure 9 shows this flow rate dependence on the nozzle discharge coefficient. Both sets of data show similar emulsion and diesel fuel results where as the Φ increased, the C d decreased at increasing Re N . Water presents the only significant variation between the two nozzles, where
FIG. 8:
Mass flow rate vs pressure drop for both low-and high-flow nozzles (Bolszo et al., 2010) . 
The results show that Φ and SMD W are statistically significant parameters in influencing the FN. This is due to the change in density, which is directly associated with changes in Φ and surfactant concentrations where both contribute to the mass flow in Eq. (5). A higher waterto-diesel mass fraction increases water content (which increases the density), while a smaller droplet size is produced with greater surfactant concentrations, accounting for the negative coefficient of the SMD W . Statistically, pressure plays a relatively weak role in the flow capacity, which is generally consistent with theory. These results are very similar to those of the high-flow-capacity Parker nozzle. The only difference is that the SMD W is not identified as significant in the ANOVA results for the high-flow case. This coincides with the ANOVA results of the mass flow for the high-flow-capacity nozzle, which again indicate insensitivity to discrete water droplet size. The coupling of the injector pressure drop with the water-to-diesel mass fraction provides a distinction between the extremes of the two parameters. This is seen in Fig. 10a where the FN is plotted against the mass flow. At lower mass flows, a divergence in proportionality between the FN among the three water-to-diesel mass fractions is present; however, as the pressure increases and more liquid is atomized, the FNs of the emulsions begin to converge. This is not evident for the water and diesel fuel FNs within this range. The last term in the expression provides a very minor contributor but slightly reduces the apparent flow velocity loss. The predicted versus actual plot is shown in Fig. 10b , where the adjusted and predicted correlation coefficients were only fair, with values of 0.8090 and 0.7713.
External Spray Characteristic Results
Additional detailed studies were carried out to further explore the apparent benefit of injecting emulsions rather than pure liquids. The droplet size analysis was done for the three-level factorial matrix for both SMD (D 32 ) and MMD (D v50 ). Figure 11 shows the SMD results plotted for both mass flow and injector pressure with Lefebvre's correlation [Eq. (2) in SMD is also captured by the correlations where larger droplets are produced for emulsions with more water content due to the increase in viscosity. In addition, the component liquids have lower measured SMD values for a given mass flow compared to the emulsions in relation to both Eqs. (2) and (3), and this can also be seen in Fig. 11 . The level of shear, or dispersed water droplet size, is also captured by the correlations (dotted, dashed, and solid lines) due to the viscosity difference. Additionally, the Wang and Lefebvre correlation predicts lower SMD values compared to Lefebvre's correlation, where the Wang and Lefebvre correlation more closely matches the experimental results. This was also expected due to the inclusion of two additional factors: spray angle and film thickness, which provide an overall better prediction. These observations using both correlations are exactly the same as the observations mentioned in the high-flow-nozzle case. One difference between the current study and Bolszo et al. (2010) is that the coefficients in Eqs. (2) and (3) were optimized to correspond to the measured data. Bolszo et al. (2010) used coefficients of 2.7 instead of 2.25 in Eq. (2) and 1.12 and 0.8 instead of 4.52 and 0.39, respectively, in Eq. (3). The original coefficients in Eqs. (2) and (3) were used to define the geometries of a specific nozzle; therefore, these values can be changed from nozzle to nozzle. From the previous study (Bolszo et al., 2010) the ANOVA model yielded a better correlation than either of the two modified equations, suggesting that these two correlations do not fully capture the behavior of the emulsions through the high-flow-capacity nozzle. For the current study, modified coefficients were experimented with as well, and it was concluded that the ANOVA model correlated with the data better than the modified Lefebvre and Wang and Lefebvre equations. Therefore, for the sake of the figures, the original coefficients were used to plot both Eqs. (2) and (3). The laser diffraction measured SMDs are also depicted in Fig. 11 . The component liquids resulted in slightly lower SMD values than the majority of the emulsion results for a given pressure drop. This is portrayed better in Figs. 11b-11d where the measured component liquids follow the correlation and water produces larger droplets than diesel fuel. These low-flow-capacity nozzle results differ from the high-flow nozzle where the component liquid droplet sizes had larger SMD values than the emulsions (Bolszo et al., 2010) . However, the range in SMD values produced for the high-flow nozzle is double (almost triple in some cases) that for the low-flow-nozzle results (Fig. 11f) , adding to this slight difference is SMD values of the component liquids versus emulsions. The emulsions also follow the correlation for different waterto-diesel mass fractions, where more water content produces larger drops. This result is consistent to those of the high-flow-capacity nozzle case, where the difference in the shear or dispersed water droplet size does not seem to impact the spray SMD substantially. Interestingly, measurements above 60 g/min for the current study result in SMD values within the same range between 20 and 35 µm, indicating that for the current nozzle, a minimum limit in SMD is reached as more mass is flowed. This contradicts the correlated values where the emulsion SMDs should be larger over the range tested. This suggests that the fluid properties and/or water-dispersed droplet sizes do not significantly affect the spray breakup behavior in the manner expected (from the correlations), resulting in much lower SMD values. The comparison of droplet sizes places focus on the effect of swirl and swirl chamber size in breakup and droplet formation. The average calculated film thicknesses for all experimental cases of the two nozzles are 1.9 and 0.116 mm for the high-flow and low-flow nozzles, respectively. The emulsion itself also plays a roll in the film thickness, where its value is larger than those for the pure liquids (approximately 15-20% higher than diesel fuel). The film thickness expression is a function of FN and the orifice discharge diameter [Eq. (4)], which account for the difference between the two nozzles. This order-of-magnitude difference contributes to the large variation between the calculated droplet sizes using the Wang and Lefebvre expression [Eq. (3)]. The emulsion droplet results mimic the component liquid results more than what was predicted [from Eqs. (2) and (3)], adding to its ability to interchange with diesel fuel in an engine regardless of its viscosity. Similarly, with the high-flow-nozzle results the surfactants used to create the emulsions are limited by the rapid change of surface area development during atomization. The very short time scales within the injector prevent the transport of surfactant molecules to newly created surfaces, neglecting the surfactant's overall contribution to the fuel properties (Leal-Calderon et al., 1998) .
The ANOVA analysis for the SMD results produced Eq. (7). As expected, ANOVA indicates that the injector pressure drop and water-to-diesel mass fraction are significant based on Bolszo et al. (2010) . However, the analysis did not find the dispersed water droplet term (SMD W ) to be a significant contributor. This is in contrast to the mass flow and FN for which the ANOVA indicated that the dispersed phase droplet size was significant. Thus the type of shear on water droplet formation does not significantly affect the SMD results. This exclusion of the SMD W term further suggests that the surfactants, shear rate, and/or the combination of both do not affect the overall droplet sizes within the range of the test parameters. Therefore the atomization of surfactant-containing emulsions may behave as unstable emulsions that result in similar spray characteristics to those of the separate component liquids. The results found in the current study use the same terms deemed significant by the high-flow-nozzle case (Bolszo et al., 2010) . The injector pressure drop dominates the overall SMD, accounting for approximately 80% of the value, while the Φ accounts for only 20% of the SMD. The D v50 or MMD was the other representative droplet analyzed. The data follow trends similar to those of the SMD (Fig. 12a) . Diesel fuel produces the smallest droplet sizes, while the higher water content emulsions produce the largest. The ANOVA analysis yielded the same terms as the SMD analysis, where the injector pressure drop plays the dominant role in establishing the overall spray MMD, promoting shorter breakup lengths and higher velocities. Increasing the pressure drop decreases the droplet sizes, while more water in the emulsion leads to greater droplet spray sizes. This generally agrees with the results from the larger nozzle but at three times the MMD throughout the experimental conditions (Figs. 12c  and 12d ). Note the spread in data is represented by the error bars, but are smaller due to the relative scale (30 to 70 µm for the low-flow nozzle compared to 30 to 240 µm for the high-flow nozzle, where the error bars are not readily seen).
Spray cone angle analysis was also completed and was able to explain some of the results obtained from the droplet size analysis. A few 2 µs exposure photographs from both component liquids and three different emulsions are depicted in Fig. 13 . The photographs, depicted for each test liquid at different injector pressures, were three of the 125 random images taken from the high-speed video recording and subsequently analyzed (Media Cybernetics Image Pro). A Sobel edge detection algorithm is applied to isolate the spray edge. Figure 13a shows the highest water content and smallest dispersed water droplet emulsion at the lowest pressure drop (0.207 MPa, 30 psi). As shown in the three images, the spray cone angle and overall liquid breakup process is quite dynamic. This suggests that the spray is not fully developed at the prescribed injector pressure drop due to the intact liquid sheet, which is one of the reasons why the lower limit of the parameter 0.345 MPa was selected. Figure 13b depicts a mid-shear, water-to-diesel mass fraction of 0.23 at a 0.345 MPa injector pressure drop where the fluctuation is not as pronounced but is still recognizable (93.2
• ± 1.0 • ). However, the component liquids are fully developed at 0.345 MPa (Fig. 13d ) (94.2
• ± 0.7 • ). Above 0.517 MPa the sprays for all the liquids were seen to be fully developed (Figs. 13c and 13e) . The only major difference is that the breakup length for the emulsions is longer compared to the component liquids at the same injector pressure. This is attributed to the difference in viscosity and the differences in the structure of emulsions, which poses a fine distribution of discrete droplets throughout, modifying its flow and Newtonian behavior. This transition to non-Newtonian behavior is attributed to the rise of the interfacial and surface forces between the two components. Spray cone angle measurements are shown in Fig. 14. The component liquids exhibit decreasing spray cone angle with increasing injector pressure drop, which contradicts the expected increase in the spray cone angle for pressure simplex hollow cone sprays. The increase in pressure provides additional momentum in the tangential direction, which increases the spray cone angle. Increasing the water content should also increase the spray cone angle due to a greater density of the emulsions. Surface tension has no affect on the spray angle, while a larger viscosity dictates that a decrease in spray angle should occur due to an increase in friction within the nozzle (Lefebvre, 1989) . The measurements all show a somewhat decreasing spray cone angle with increasing pressure drop, while no distinction could be made among the various emulsion qualities and water content. All the measured spray angles fall within an 85-95 degree range, which is slightly higher than the prescribed spray cone angle of 80 degrees for the current Delavan nozzle. These results differ from those of the high-flow Parker nozzle where an increase in mass flow results in a wider spray. Larger amounts of water concentrations would also result in a decrease of the spray angle at a given flow rate. This difference from the current study suggests that the smaller passageways of the current low-flow nozzle stabilize the spray cone angle, regardless of the pressure drop or mass flow within the current flow ranges. ANOVA was performed on the measured results, although no factor was found to be statistically significant in terms of impacting the spray cone angle. This contrasts with the high-flow-capacity nozzle, where the injection pressure and water-to-diesel fuel mass ratio had statistically significant roles in determining the spray cone angle.
Finally, spray patternation testing was completed for both component liquids and the nine emulsions. The samples were caught, and the mass and volume were measured using a lab mass scale and a milliliter-marked test tube. During low-injector-pressure drops the fluid does not have enough velocity to flow radially outward, concentrating the fluid toward the center axis. As the pressure drop increases, more of the fluid is ejected outward, coinciding with more mass in the outer tubes. This is apparent in Fig. 15 . The trends in the distributions for the emulsions were very similar to those of the component liquids.
Density was calculated from the measured volume and mass, and any large change in density for a given test fluid was attributed to a change in the Φ. This would suggest that the water and diesel fuel would follow a preferred path rather than an equal distribution once injected. Figure 16a shows the local change in water-to-diesel mass fraction. For each specific emulsion, the local Φ slightly varies with lower values toward the center axis of the spray and higher values at wider spray angles. Low pressure yielded the highest variation in Φ, while at a high injector pressure drop, Φ was more constant. A linear trend line is overlaid that better exhibits this behavior. This coincides with the spray cone angle analysis where the spray exhibits a fully developed spray at the higher injector pressure drops. These results are very similar to those in the high-flow-capacity tests using the same emulsion quality (Bolszo et al., 2010) . Figure 16b portrays this, and the overall variance in Φ is relatively the same for both nozzles with increasing spray cone angle. (The Delavan nozzle has a slightly smaller range in Φ compared to the Parker nozzle.) This suggests that the water and diesel fuel distribution throughout the spray stays constant and is independent of the flow nozzle capacity. These results elucidate a better understanding of the behavior of emulsions and further demonstrate it as an attractive option in its applicability in liquid fired combustion systems. It was concluded in Bolszo et al. (2010) that the local disparity in Φ was due to the differences in the radial momentum of the water and diesel fuel. Table 5 summarizes the ANOVA results of the data collected for both the low-flow and high-flow-capacity nozzles. While SMD W was not deemed statistically significant for the high-flow-capacity nozzle, it was important for the lower capacity nozzle. This suggests key ratios between passage size and SMD W may exist that will dictate when SMD W is important to the nozzle flow characteristics. No significant factor was identified that affected the spray angle for the low-flow-capacity nozzle.
CONCLUSIONS
The following paragraphs outline the conclusions drawn from this work.
The mass flow and volume flow of the emulsions through a low-flow pressure simplex nozzle were larger than those for either component liquid. This difference is attributed to the change in the orifice discharge coefficient (i.e., FN) for the different fluids.
The ANOVA results for the current Delavan nozzle include the dispersed water droplet size within the diesel fuel as a factor in predicting the flow rate and FN. This was not apparent with the high-flow-capacity nozzle. This disconnect in the ANOVA results is due to the smaller passages and swirl chamber within the low-flow nozzle that capture the dispersed water droplet size effect. The passages in the current nozzle are only approximately 1.5 orders of magnitude greater than the smallest SMD W -produced emulsion, compared to almost 3 orders of magnitude for the high-flow-capacity nozzle case.
The measured spray SMDs are smaller than those predicted from published correlations. The previous correlations for pressure simplex nozzles, utilized to compare the results, were developed by Lefebvre and coworkers. These measured emulsion spray SMDs were similar to those of diesel fuel. This is an important result that implies (1) emulsification can generate finer droplets than a combination of individual sprays of water and diesel fuel, and (2) existing correlations are not sufficient to predict the spray size resulting from the atomization of emulsions (within the range of the parameters studied). The low-flow-capacity droplet results follow the same trends as the previous study with the high-flow-capacity nozzle. This suggests that flow capacity does not affect the trends seen in the SMD versus injection pressure or mass flow rate. The injection pressure drop has the greatest impact on the overall emulsion spray SMD, but the water-to-diesel fuel mass fraction also plays a role. These results coincide with those found in the previous study for the high-flowcapacity nozzle.
The average droplet size and distribution of the water within the diesel fuel does not have a statistically significant impact on the resulting spray droplet sizes. This result was not expected and is likely a result of the absolute values of emulsion droplets produced. It is expected that if the emulsion droplet sizes would reach a critical value, some impact on the atomization would be observed. A better understanding of the flow phenomena implies that emulsions can be used effectively as a water addition strategy, but the preparation process must achieve at least some minimum size of the dispersed phase (most likely approaching the macroemulsion limit of a single micrometer with the amount of shear expended in the flow system, avoiding large discrete phase globules and nonuniformities).
The spray cone angle does not vary drastically for the emulsions and component liquids. No large variation in spray angle was evident above injector pressure drops larger than 0.517 MPa. The measurements all show a slight decreasing spray cone angle with increasing pressure drop, although all the measured angles fell within an 85-95 degree range, residing close to the nominal spray cone angle (80 degrees with a tolerance of +/-5 degrees) of the Delavan nozzle chosen. This again affirms the effectiveness of emulsification as a water addition strategy without affecting spray dispersion.
The water-to-diesel fuel mass fraction throughout the emulsion spray slightly varies with spray angle. Lower water fraction remains closer to the spray centerline, while more water is dispersed toward the outer areas of the spray. This result coincides with those found in the high-flow-nozzle study and implies that the centrifugal force imparted by the atomization process is consistent with flow capacity and appears to be independent of nozzle size.
